INTRODUCTION
Biological RS in marine ecosystems often occur in connection with climate RS as documented in the North Pacific (Bond et al., 2003; Mantua, 2004) , the North Atlantic (Drinkwater, 2006; Harris et al., 2013) , the North Sea (Beaugrand, 2004; Schlüter et al., 2008) , or the Baltic Sea (Möllmann et al., 2009 ) and result in reduction in species diversity. Changes in species composition, species richness and functional diversity affect the sustainability of biological resources (Cushing and Dickson, 1976; Binet, 1997; Avaria and Muñoz, 1989; Carrasco and Santander, 1989; Worm et al., 2006) . Biological RS can be smooth, abrupt or discontinuous (Scheffer et al., 2001; Collie et al., 2004) depending on the nature of the external forcing. E.g., Carpenter and Brock (2006) have documented that a rising variance is an indicator for an abrupt RS. Those RS strongly influences the potential predictability of the biological system as documented for benthic community structure in the southern North Sea (Dippner et al., 2010) .
Climate RS are often considered as changes in the trend of global mean air temperature. Yasunaka and Hanawa (2002) used empirical orthogonal function (EOF) analysis to evaluate the seasurface temperature (SST) and sea-level pressure (SLP) fields in the northern hemisphere and identified climate RS during 1925 RS during /26, 1945 RS during /46, 1957 RS during /58, 1971 RS during /72, 1976 RS during /77 and 1988 . A climate RS can also occur when modes of climate variability are synchronized and the coupling strength between those modes simultaneously increases. In this case, the climate system becomes unstable and moves into a new state, as observed during 1910 -1920 , 1938 -1945 , 1976 -1981 (Swanson and Tsonis, 2009 ). These periods were related to the turning points of the Atlantic Multidecadal Oscillation (AMO), (Sutton and Hodson, 2005) , also called the Atlantic Multidecadal Variability, which is driven by variations in the Atlantic meridional overturning circulation (Gulev et al., 2013) . The AMO has a periodicity of ∼60-80 years (Schlesinger and Ramankutty, 1994) . Thus, a relatively cold period at the beginning of the Twentieth century was followed by a warm period in the 1940s and 1950s, another cold period in the 1970s and 1980s and then a warm period in the 1990s (Ting et al., 2013) .
Several different biological RS have been documented in the southern North Sea (Reid et al., 2001; Edwards et al., 2002; Beaugrand, 2004; Alheit et al., 2005; Schlüter et al., 2008; Dippner et al., 2010 Dippner et al., , 2012 Kröncke et al., 2013) . Three prominent events occurred in the last century: the Russell Cycle in the English Channel in the 1920s, the so-called Gadoid outburst in the North Sea in the 1960s, and the "Great Salinity Anomaly" in 1977 Anomaly" in /1978 . During the Russell Cycle herring and macrozooplankton were replaced by pilchards and small zooplankton (Russell, 1973; Coombs and Halliday, 2011) , which coincided with the climate RS in the 1920s (Drinkwater, 2006) . The system reversed in the . Parallel the Gadoid Outburst appeared in the 1960s in the North Sea (Cushing, 1984) a well-documented upsurge of five gadoid fish stocks. Between 1977 and 1978 the Great Salinity Anomaly appeared in the North Sea (Dickson et al., 1988) , with substantial ecological consequences (Aebischer et al., 1990) .
The biological RS, which occurred, together with climate RS, in 1988 RS, in /1989 RS, in and 2000 RS, in /2001 is the focus of this paper. Our scientific question is why is NAO and benthic macrofauna correlated after the climate RS in 1988/1989 and not after the RS in 2000/2001 and what is the reason for the decrease of potential predictability? Using data analysis, we try to examine the underlying mechanisms, the dynamics of the two regime types, and their impacts on the dominant species and taxonomic groups of macrozoobenthos and their effects on benthic community structure in the southern North Sea.
DATA AND METHODS

BENTHOS
Macrofaunal samples were collected using a 0.2-m 2 van Veen grab. Sampling was carried out every spring from 1978 to 2012 at five different stations in the sublittoral zone off the island of Norderney. The stations were located at water depths between 10 and 20 m (Figure 1 ) and a single grab was taken at each one. Samples from all stations were treated as replicates for the area, since a multivariate comparison had shown no significant differences between the macrofaunal communities (Dörjes et al., 1986) . The samples were sieved over a 0.63-mm mesh and fixed in 4% buffered formaldehyde. Species number, abundance and biomass were determined. After sorting, the organisms were preserved in 70% alcohol. The samples were dried for 24 h at 85 • C and burned for 6 h at 485 • C. Biomass was determined as ash-free dry weight per m 2 . The study area is representative for a wider area, because the Fabulina (Tellina) fabula community present in the study area is found in the entire coastal area of the south-eastern North Sea on fine sands .
Species were classified into feeding modes (interface-, surface-deposit-, subsurface-deposit-, and suspension-feeders, sediment-feeding polychaeta, predators and sand lickers) and distribution types (temperate, arctic-boreal, warm-temperate, coldtemperate) based on the literature (Fauchald and Jumars, 1979; Lincoln, 1979; Hartmann-Schröder, 1996; Wieking and Kröncke, 2001 ) and taxonomic groups (such as Crustacea, Nemertini, Polychaeta, Mollusca and Echinodermata). According to this classification, 196 macrofauna taxa were identified (81 crustacea, 59 polychaeta, 32 mollusca, 9 echinodermata and 15 others). In addition, the long-term variability in the abundance of the most abundant single species, such as the sea urchin Echinocardium cordatum, the bivalve Tellina (Fabulina) fabula, the amphipod Urothoe poseidonis and the polychaetes Nephtyidae and Magelona spp., was analyzed. No gaps exist in all time series. More details are given in Kröncke et al. (2013) .
CLIMATE
The following climate data sets were used for the analyses: (1) the NAO winter index from 1900 to 2013 (Hurrell, 1995) , based on the difference between the normalized monthly SLP anomalies between Lisbon and Stykkisholmur, and (2) SLP winter (December to March average) anomalies of in the northern hemisphere poleward of 30 • N, as reported by the National Center for Environmental Prediction-National Center for Atmospheric Research (NCEP/NCAR) reanalysis (Kalnay et al., 1996) for the period 1949-2013.
METHODS
SLP composites of winter (December to March average) anomalies were constructed for each year from 1949 to 2013 (Table 1) and for the periods 1977-1988 and 1989-2000 (Figure 2 ) using the standard web-routine of NCEP/NCAR. Each SLP winter composite was classified according to Hurrell and Deser (2009) . All benthos data were analyzed using a modified version of the classical AMOEBA model (Ten Brink et al., 1991) . AMOEBA, a Dutch acronym for "a general method for ecosystem description and assessment" (Laane and Peters, 1993) , is a quantitative method used in water management to represent the status of the ecosystem and possible developments. It is a graphical method in which numerous variables are plotted in a polar diagram and related to an arbitrary reference level. The advantage of the AMOEBA model is the holistic visualization of all changes in all variables in one diagram. The standardized benthos time series [zero mean and unit standard deviation (STD)] is separated in well-defined climatic regimes 1977-1988, 1989-2000, and 2001-2012 . The regime means for each variable are computed and the differences between the climate regimes are plotted in a polar plot with respect to the long-term climatic means and the ±1 STD. According to Dippner et al. (2012) , a RS is defined as a change in absolute STD larger than 0.5.
The three regimes 1977-1988, 1989-2000, and 2001-2013 are analyses using autocorrelation functions. According to Von Storch and Zwiers (1999) , autocorrelation function is given as:
X t a stationary time series of a real-valued random variable X. The autocorrelation function at lag k is the correlation skill score for the k-lag persistence forecast of the time series. The autocorrelation function is computed according to Press et al. (1992) . To evaluate the results, the Durbin-Watson test (Sargan and Bhargava, 1983) and decorrelation time (Von Storch and Zwiers, 1999) have been computed. The Durbin-Watson test is used to identify the presence of autocorrelation. If e t is the residual associated with (Kalnay et al., 1996) the observation at time t, then the Durbin-Watson test is:
The four classified modes are the positive (NAO+) and negative (NAO-) phases of the North Atlantic Oscillation and the strong anticyclonic ridges over Scandinavia (B, blocking) and western Europe (AR, Atlantic Ridge). The data source is the NCEP/NCAR reanalysis data
T is the number of observations. The value of d lies always between 0 and 4 and d = 2 indicates no autocorrelation. According to Von Storch and Zwiers (1999) the decorrelation time is defined as:
t is a time increment. The number of the decorrelation time makes sense as a characteristic time scale when dealing with red noise processes or long-term climate variability.
RESULTS
Based on the NCEP/NCAR reanalysis data of daily SLP patterns (Kalnay et al., 1996) , Hurrell and Deser (2009) classified the NAO into four modes: its positive and negative phase (NAO+ and NAO−) and the strong anticyclonic ridges over Scandinavia (B, blocking mode) and western Europe (AR, Atlantic Ridge mode). All patterns of the winter SLP anomalies from 1949 to 2013 were classified according to Hurrell and Deser (2009) . The results (Table 1) were in good agreement with those shown in Figure 11 of their publication. The period 1977-1988 (light blue in Table 1 ) was characterized by a persistent NAO− mode, as 75% of the winter SLP patterns were NAO−. By contrast, the period 1989-2000 (pink in Table 1 ) was dominated by a persistent NAO+ mode, with 83% of the patterns being NAO+. A composite of the two regimes (Figure 2) Table 2) . A decorrelation time less than unity for the period 1977-1988 was surprising because we expected a value greater unity indicating the presence of red noise processes due to the persistent NAO− pattern (Table 1, Figure 2) . The period 1989-2000 has a decorrelation time larger than unity. This period was characterized by a high autocorrelation and long-term climate variability. The period 2001-2013 has the smallest decorrelation time, which is close to white noise.
During RS1 (1988 RS1 ( /1989 , all benthic macrofaunal variables for the southern North Sea were within the ± 1 STD of the long-term climatic mean (Figure 4) . Nevertheless, a few small shifts (STD > 0.5) occurred that slightly changed the structure of the benthic system. Specifically, there was a significant decrease in the abundance of warm-temperate species, polychaetes, U. poseidonis and Magelona spp. and a significant increase in both total biomass and the abundance of crustaceans, echinodermata, mollusca and T. fabula (Figure 4) .
The impact of RS2 (2000/2001) on the benthic community structure was much stronger than that of RS1, because in the latter case few variables exceeded the ± 1 STD interval (Figure 4) . Except subsurface deposit feeders, all feeding modes increased significantly, as did all distribution types except the arctic boreal type. Increases in total biomass and abundance and in the abundance of all dominant taxonomic groups except crustaceans were determined. The abundances of the sea urchin E. cordatum and the amphipod U. poseidonis increased as well. Swanson and Tsonis (2009) or in our NAO winter composite analysis. A possible explanation is that these climate RS mostly occurred in the Pacific and not in the North Atlantic (Yasunaka and Hanawa, 2002) .
The identified regimes have a duration of around 10 years. This is in agreement with the first EOF modes for sea-ice concentration, SLP, 500 hPa height, and 850 hPa temperature, which since the 1960s have shown an oscillatory behavior with a period of around 10 years (Slonosky et al., 1997) . The approximately 10-year climate cycle in the Arctic and subarctic was characterized by a clockwise propagating signal in sea-ice concentration anomalies and a standing oscillation in SLP anomalies (Mysak and Venegas, 1998) .
Over longer time scales, the North Atlantic was forced by the AMO, which had its turning point in the mid-1970s, with temperatures increasing up to the year 2000 (Sutton and Hodson, 2005) . In a recent paper, Harris et al. (2013) presented an EOF analysis of the North Atlantic SST and demonstrated that the time coefficients of the first EOF are related to the AMO and those of the second EOF to the East Atlantic Pattern (Wallace and Gutzler, 1980) ; whereas the time coefficients of the third EOF obey the NAO, with a local maximum of the EOF pattern in the southern North Sea. After RS1 (1988 RS1 ( /1989 , both the AMO and NAO were in positive mode. This period was also characterized by a warming caused by increased heat transport from the tropics to the extra-tropics (Hoerling et al., 2001) . The switch from a negative to a positive NAO pattern (Figure 2 ) also caused an increase in the westerly wind, which enhanced the inflow of Atlantic water into the southern North Sea through the English Channel.
Among the effects of this enhanced inflow was the appearance of non-native warm-temperate species in the southern North Sea, such as the thresher shark Alopias vulpius (Stehmann, pers. comm.), the dinoflagellates Lepidodinium viride (Elbrächter, pers.com.) and Gymnodinium catenatum (Nehring, 1994) in the pelagial, the angular crab Goneplax rhomboides (Neumann et al., 2010) and the Pacific Oyster Crassostera gigas (Markert et al., 2010) in the benthos, as well as several fish species (Ehrich et al., 2007) . Kröncke et al. (1998) reported an increase in macrofaunal abundance, species number and biomass after 1988. Although changes in the marine ecosystem were documented during the biological RS of 1988/1989, for only a few variables were the change larger than 0.5 STD (Figure 4) , indicating a smooth RS (Dippner et al., 2010) . The smooth biological RS in 1988/1989 significantly altered the macrofaunal community structure and was associated with rising SST, an NAO+ pattern and increased storm frequency. These factors also enhanced primary production in coastal North Sea regions and plankton blooms occurred earlier in the year (Reid et al., 1998) . During this period, both native warm-temperate species and other bivalve species seemed to benefit from the SST-related increase in primary production and from the availability of food in the southern North Sea (Kröncke et al., 2013) .
Besides the changes in the southern North Sea, the climate RS also caused a global biological response. In the North Pacific, a RS was detectable in 69 biological and 31 climatic time series during the RS 1976 /1977 and 1988 (Mantua, 2004 . In the North Atlantic zooplankton decreased after 1988 whereas phytoplankton color index increased (Harris et al., 2013) . In the same year in the North Sea a strong increase in temperate species and decrease
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September 2014 | Volume 2 | Article 57 | 5 in subarctic species of calanoid copepods occurred (Beaugrand, 2004) , a strong increase in spring phytoplankton in surface waters (Alheit et al., 2005) and a strong increase in the abundance of dinoflagellates and decapods (Edwards et al., 2002) . Changes in benthic community structure and functional diversity after 1988 were found for the entire North Sea (Neumann et al., 2008 (Neumann et al., , 2009 Neumann and Kröncke, 2011; Schückel et al., 2010; Kröncke, 2011; Kröncke et al., 2011) . The RS 1988/1989 was detectable in 39 variables in the North Sea (Schlüter et al., 2008 ) and in 52 biotic and abiotic variables in the Baltic Sea (Möllmann et al., 2009) . Kröncke et al. (2013) also found an increase in the abundance of native warm-temperate species. Thus, the decrease in warmtemperate species computed by the AMOEBA model is artefactual, as supported by the dominance of the polychaete Lagis koreni after the extreme winter of 1978/1979. In fact, the strong presence of L. koreni as a native warm-temperate species caused the bias in the model, because the species is also an r-selective colonizer that after cold winters feeds on buried dead organic material. The latter ecological preference of this species was probably more important after the cold winter than its preference for warmer temperatures.
RS2 (2000/2001) was a global climate RS (Swanson and Tsonis, 2009 ) coupled with an abrupt biological RS (Dippner et al., 2010) . The consequence was a decrease in potential predictability. The NAO was a very good predictor in forecasting benthic time series (Dippner and Kröncke, 2003) ; however, after 2000 the forecasts failed, perhaps reflecting the loss in persistence and the disappearance of the autocorrelation. After 2000, the time series of the winter NAO behaved like a chaotic time series or white noise. During this period, when the southern North Sea was mainly forced by SST anomalies and meridional winds, the abundances of juvenile sea urchins and single species increased dramatically. A direct comparison of RS2 (2000/2001) with RS1 (1988/1989) identified a much stronger increase in variance during RS2. Increases in ecosystem variability are thought to indicate long-lasting reorganizations of complex systems such as ecological RS. In ecology, the variance of a population/system was previously used as a measure of temporal stability, with increasing variance as an indicator of an abrupt biological RS (Carpenter and Brock, 2006) . This relationship is useful for the identification of biological RS and our findings confirm these results; however, the appearance of an abrupt biological RS has the disadvantage of a lower potential predictability. Such an abrupt RS also occurred in the North Atlantic where the variance of phytoplankton communities suddenly increased (Harris et al., 2013) . In the North Pacific, the biomass of three cold water northern species Pseudocalanus mimus, Acartia longiremis and Calanus marshallae drastically increased in 2000 indicating an abrupt RS (Peterson and Schwing, 2003) .
Long-term studies are essential for understanding the natural variability of species composition, dominance structure and the functional diversity of benthic communities in relation to natural environmental drivers, all of which are affected by climate change (Spencer et al., 2011) . As a contribution to ecosystembased management, they are also necessary to assess the effect of human activities on benthic communities. Long-term benthic studies in the North Sea have revealed regional differences in the structural and functional-responses of communities to climate RS (Frid et al., 2009 ). These responses reflect both the complex benthic interactions as a function of the changing climate and the associated species-specific responses. Changes in stratification or primary production or a temporal mismatch between primary producers and consumers, for example, can have cascading effects on the entire food web, potentially affecting benthic organisms throughout all of their developmental stages (Schückel et al., 2010) .
The approach presented here, while demonstrated on the macrofauna of the southern North Sea, is generally applicable to all geographical regions in the world and all areas in marine biology, from species level (Dippner et al., 2001) , over communities (Hannig et al., 2006) up to biodiversity (Araujo and Rahbek, 2006) . Climate change is projected to be an increasingly important source of stress for ecosystems, both directly and through complex interactions with other stressors such as habitat loss and eutrophication (Staudt et al., 2013) . The increase in variance in relation to the detailed changes given in Kröncke et al. (2013) , indicate a shift in macrofauna community structure with increasing SST. Additional increase in non-native species might lead to changes in functional diversity and, thus, can probably change the ecosystem functions and services of the coastal system of the south-eastern North Sea. Changes in the frequency and magnitude of extreme events will result in biological RS (Grimm et al., 2013) , whereas changes in ecosystem productivity, food-chain relationships or climate feedback are likely to have important societal consequences. Thus, increasing variance serves as an early warning of an abrupt biological RS and is therefore useful information for practical aspects of the sustainable management of marine ecosystems, for those of integrated coastal zone management, for the conservation of ecosystems goods and services, ecosystem health (Halpern et al., 2012) , and for the implementation of the EU Marine Strategy Framework Directive (MSFD, 2008/56/EC). But it remains to be seen how the persistence of the NAO will develop and whether and to what extent the benthic ecosystem is able to recover after an abrupt biological RS.
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